Abstract: α-Mannosidosis is a lysosomal storage disorder caused by α-mannosidase deficiency. Clinical course of the disease ranges from severe infantile to milder juvenile type and includes mental retardation, skeletal deformities, coarse facies, hepatomegaly and hearing loss. The aim of the study was to analyse mitochondrial ultrastructure and function in cultivated fibroblasts from three patients with α-mannosidosis. All patients were homozygous for the c.2248C>T mutation in the MAN2B1 gene encoding lysosomal α-mannosidase. The mutation results in incorrect protein folding and severe decrease of α-mannosidase activity. The misfolded protein is retained by the control system of endoplasmic reticulum (ER). In analysed fibroblasts, we observed dilated ER, higher amount of aberrant mitochondria and reduced mitochondrial mass compared to controls. Respiratory chain complex IV, cytochrome c oxidase (COX), activity and the ratio between COX and citrate synthase (control enzyme) were significantly increased in comparison to controls (P < 0.05). Furthermore, the activity at least from one of other respiratory chain complexes was increased in each studied cell line. Mitochondrial membrane potential as well as reactive oxygen species production were comparable with controls. Based on our results, we hypothesize more profound effect of swelled and damaged mitochondria and ER dilatation on tissues with higher energy demand than fibroblasts have.
Introduction α-Mannosidosis is a lysosomal storage disorder caused by the deficiency of lysosomal α-mannosidase (LAMAN; EC 3.2.1.24). In the MAN2B1 gene for LAMAN, 34 disease-causing mutations have been identified to date (http://www.hgmd.cf.ac.uk/ac/index.php), however no phenytope-genotype correlation was observed (Berg et al. 1999; Hansen et al. 2004 ). Moreover, significant heterogeneity in disease severity was even reported in siblings with the same mutation (Mitchell et al. 1981; Weiss & Kelly 1983) .
The clincial symptoms in children with α-mannosidosis are heterogeneous, ranging from severe infantile to mild juvenile forms with mental retardation, skeletal deformities, coarse facial features, hearing loss, mild hepathosplenomegaly and mild hypogamaglobulinemia with recurrent respiratory and skin infections. Many patients suffer from neuromotor disabilities and ataxia. Neurocognitive defects have been described in all α-mannosidosis children, but the age of onset, severity and progression of the disease are variable, unpredictable (Autio et al. 1982; Noll et al. 1989; Grewal et al. 2004 ) and may further deteriorate with age (Shapiro et al. 1995) .
According to expression studies of eleven diseasecausing mutation in COS-7 cells the analyzed LAMAN mutants may follow two main intracellular routes: sufficiently folded proteins are able to pass endoplasmic reticulum (ER) control folding system, however, their activity is decreased and proteins with incorrect folding including mutation c.2248C>T in MAN2B1 gene for LAMAN (p.R750W) are arrested in ER and their activity is diminished (Hansen et al. 2004 ). ER function is tightly connected with mitochondria due to modulation of the signalling pathways that involve intracellular Ca 2+ (Berridge 2002; Rizzuto et al. 2004 ). Mitochondria as well as ER form networks that expand throughout the cell (Terasaki et al. 1994; Spacek & Harris 1997; Waterman-Storer & Salmon 1998; Collins et al. 2002) . Mitochondrial functions ranging from ATP synthesis to apoptosis triggering depend largely on the generation of mitochondrial matrix Ca 2+ signals. Previous studies clearly documented the role of ER-mitochondria contact areas and impact of their gap width on Ca 2+ signalling and cell survival (Rizzuto et al. 1998; Csordas et al. 2006) .
Generally-observed manifestation of the α-mannosidosis in high-energy demanding tissue (e.g. brain) together with possibly-impaired ER functions led us to analyse mitochondrial biology in this disease. In the cultured fibroblasts of three patients with homozygous mutation c.2248C>T in MAN2B1 (p.R750W), the mitochondrial function and ultrastructure were studied. Accumulation of aberrant mitochondria, dilated ER, increased activities of respiratory chain complexes and reduced mitochondrial mass were the main findings in the studied cell.
Patients
Three boys at the age of 16 (Patient 1), 18 (Patient 2) and 19 (Patient 3) years were involved in our study. First two of them are brothers. The clinical course is characterized by the psychomotor delay, coarse facial features, short stature, dysostosis multiplex, atactic gait, hearing loss, hepatomegaly and mild hypogamaglobulinemia in all patients. The family history as well as the perinatal data were of no relevance for any mitochondrial disease. The first clinical symptoms of the disease including hypotony, developmental delay, skeletal deformities and recurrent respiratory infections were observed since infancy. The atopic dermatitis like skin manifestation with repeated bacterial and mycotic superinfections was also present. The gingiva plastic surgery was necessary because of hyperplasia and repeated gingiva inflammations in one patient. Immunologic investigations were uneventful except of mild hypogamaglobulinemia.
The clinical suspicion on the disease was supported by the abnormal urinary oligosaccharide profile characteristic for α-mannosidosis in all patients. The diagnosis was confirmed both on enzymatic and molecular levels. In all patients, the activity of α-mannosidase in isolated leucocytes was markedly decreased (1.2; 1.2 and 1.0 nmol/mg/hour, reference range in 39 controls 180-400 nmol/mg/h). Molecular analyses revealed that all patients are homozygous for pathogenic mutation c.2248C>T in MAN2B1 gene and all parents are heterozygotes.
Material and methods

Material
In all three patients, the culture of fibroblasts harbouring the homozygous mutation c.2248C>T was established from skin biopsy after informed parental consent. Fibroblasts were grown in the Quantum 333 medium (PAA, Austria) at 37
• C in humid atmosphere containing 5% CO2. Up to 20 human fibroblast cell lines without any known mitochondrial or lysosomal storage diseases were used as controls.
Morphology of cells and of mitochondrial reticulum
Inverted microscope Nikon Diaphot 200 was used for the imaging of cellular morphology in the phase contrast as well as for the analysis of mitochondrial reticulum visualized by MitoTracker Green (MTG, Moleculare Probes, USA) (1µM).
Protein concentration analysis
The protein content was measured by the Bradford protein kit assays (Bio-Rad, USA), using BSA (bovine serum albumin) as a standard.
Activity of α-mannosidase in cultured fibroblasts
The activity of LAMAN was assayed in cultured cell homogenate according to the method of Wenger & Williams (1991) . Briefly, the reaction mixture containing 2 mM of substrate, 4-methylumbelliferyl-α-D-mannopyranoside (Glycosynth Limited, England), in 0.1/0.2 M citrate/phosphate buffer (pH = 4.0) and 10 µg of fibroblast protein was incubated for 30 min at 37
• C. Reaction was terminated by addition of 0.6 mL 0.2 M glycine-NaOH buffer (pH = 10.6) and the fluorescence of the released 4-methylumbelliferyl was measured at excitation 365 nm and at emission 448 nm on a luminescence spectrometer (Perkin Elmer LS50B, Wellesley, USA).
Activities of respiratory chain complexes
The activities of the mitochondrial enzymes NADH:CoQ reductase (complex I), succinate:CoQ reductase (complex II), cytochrome c oxidase (COX, complex IV), NADH:cytochrome c reductase (complex I+III), succinate:cytochrome c reductase (complex II+III) and citrate synthase (CS) (serving as the control enzyme) were measured spectrophotometrically at 37
• C in cultured fibroblasts by modified methods according to Rustin et al. (1994) . The activities of COX were analyzed three times in doublets and were expressed as mean ± SD; other complexes were measured in doublets.
Detection of mitochondrial mass, mitochondrial potential and production of reactive oxygen species (ROS) Human skin fibroblasts were grown in 25 cm 2 cultivation flasks until approx. 90% of cell confluence was reached. Then, they were exposed to final concentration of 1 µM MitoTracker Green (Molecular Probes, USA) for mitochondrial mass measurement. Aliquots of cells were incubated with 20 nM tetramethylrhodamine methyl ester for detection of mitochondrial potential and 10 mM 2',7'-dichlorodihydrofluorescein-diacetate (Molecular Probes, USA) for measurement of ROS in cultivated medium in 37
• C in humide atmosphere and 5% of CO2 for 30 min. Cells were trypsinized, washed twice with PBS and transferred immediately to a tube on ice for flow cytometric analysis.
Flow cytometric analysis
FACSCalibur flow cytometer (BD, San Jose, CA, USA) equipped with argon laser (488 nm) was used for the flowcytometric analysis. Forward and side scatters were used to establish size gates and exclude debris from the analysis. Intensity of emitted fluorescence was detected using bandpass filters: 530 ± 15 nm (FITC) and 585 ± 21 nm (PE/PI), FL1 and FL2 channels, respectively. In each measurement, a minimum of 10,000 cells were analyzed. Data were acquired and analyzed using the Cell Quest software (BD, San Jose, CA USA). A relative change in the mean fluorescence intensity was calculated as the ratio between mean fluorescence intensity in the channel of the treated cells and that of the control cells.
Ultrastructure analysis
Cells were fixed based on Luft's modified method (Luft 1956 ): in PBS containing 2% potassium permanganate for 15 min, washed with PBS and dehydrated with an ethanol series. They were then embedded in Durcupan Epon, sectioned by microtome Ultracut Reichert to thickness ranging from 600 to 900Å, stained with lead citrate and uranyl acetate. Transmission electron microscope (JEOL, JEM-1200EX) was used for imaging.
Morphometry
Modified Hirai et al. (2001) method was used: micrographs of cultivated fibroblasts (derived from four controls cell lines and three patients cell lines) were taken at magnification of 5,000× and additionally at 20,000×. Five to ten sections were examined in each cell line. Following was indentified and counted: intact mitochondria, swelled mitochondria containing cristae, swelled mitochondria without cristae. Percentage rate of each morphological group was calculated for each section.
Electrophoresis and immunobloting analysis
Tricine SDS/PAGE was carried out under standard conditions with 12% polyacrylamide, 0.1% (w/v) SDS and 5.5 M urea gels. Mitochondrial fractions were dissociated in 50 mM Tris/HCl (pH = 6.8), 12% (v/v) glycerol, 4% SDS, 2% (v/v) 2-mercaptoethanol and 0.01% (w/v) Bromophenol Blue for 30 min at 37
• C. Approximately 10 µg of protein was loaded for each lane. Proteins were electroblotted from the gels on to Immobilon TM -P PVDF membranes (Millipore) using semi-dry transfer for 1 h at a constant current of 0.8 mA/cm 2 . Immunodetection using monoclonal antibodies against structural subunits of respiratory chain complexes and ATP synthase (Mitosciences, USA) was performed according Stiburek et al. (2005) .
Cell treatement and fluorescence measurement of cytosolic Ca
2+
The cells grown on glass coverslips were washed in ECS (160 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM Hepes-Na, 10 mM glucose; pH = 7.4). After the washing, the cells were loaded with 1 µM fura-2 acetoxymethyl ester for 60 min at 25
• C, in the dark, rinsed with and kept in ECS for 30 min prior to fluorescence measurements at 25
• C. Consequently the cells grown on glass coverslips were treated with 0.1 µM bradykinin (Sigma) and 0.3 µM thapsigargin (Sigma). Induced Ca 2+ signals were measured in α-mannosidosis fibroblasts and control cells. Ratiometric imaging was performed using Olympus microscope IX 50, based microspectrofluorimeter (Visitron Systems, Puchheim, Germany), equipped with cooled digital CCD camera (MicroMAX RTE/CCD-512EFT, Princeton Instruments, Monmouth Junction, NJ, USA). Fluorescence of fura-2 was excited at wavelengths 340 and 380 nm switched by Polychrome II (Till Photonics, Planegg, Germany) illumination device. Emitted light at λ > 420 nm (filter U-MWU) was recorded every 2 s, integration time for each wavelength was 300 ms. Software MetaFluor 7.0 (Universal Imaging Corp., West Chester, PA, USA) was used to control synchronization of excitation and data acquisition and for the visualisation of the relative calcium concentration based on the ratiometric measurement. b Activity of complex IV is increased in comparison to controls (P < 0.05). 
Results
The residual α-mannosidase activity was less than 1% of control values in all three studied cultured fibroblasts. The cellular morphology as well as mitochondrial network of the α-mannosidosis fibroblasts were unchanged in comparison to control cells. The analysis of the activity of respiratory chain complexes and control enzyme CS revealed significantly increased activity of complex IV in all studied cell lines in comparison to controls (p = 0.05) and also the ratio between complex IV and CS was increased (Table 1) . In addition, the activity of complex I or complex I+III was at the upper border of the reference range or even increased compared to controls resulting in increased ratio between complex I or I+III and CS in all studied fibroblasts. The activities of respiratory chain complex II were in reference range and the activities of CS were slightly decreased in patient 1 and mild increased in patient 3.
To investigate the changes in the amount of respiratory chain complexes and ATP synthase, immunoblots of mitochondrial fractions resolved by SDS-PAGE were prepared using monoclonal antibodies against crucial subunits of individual complexes. No detectable changes in comparison to controls were found (data not shown).
Interestingly, the flow cytometry of MitoTrackerGreen-treated cells revealed lower amount of mitochondria in two patient's cell lines compared to four controls (Fig. 1) . Unfortunately, we were not able to analyse the mitochondrial mass in the third cell line.
Flow cytometry did not prove any significant changes in ROS production nor in mitochondrial membrane potential, compared to control fibroblasts grown in the identical conditions (data not shown).
Mitochondria were quantitatively examined in fibroblast cell lines in order to evaluate changes in mitochondrial ultrastructure between patients and controls. The mitochondria were counted only in section with visible nucleus and detectable cytoplasmatic membrane. Ultrastructural examination revealed mitochon- dria with prolonged shape and with enriched cristae in matrix area and these were considered as normal intact organelles. Round shaped mitochondria larger in diameter compared to intact organelles and with only rudimental cristae were assigned as aberrant organelles.
The results point out to increased number of defected mitochondria together with decreased amount of intact organelles (Fig. 2) . Furthermore, dilatation of ER was found in fibroblasts derived from α-mannosidosis patients. Changes in shape and ultrastructure of mitochondria and ER in examined α-mannosidosis and control fibroblasts are shown in Figure 3 .
To test the ER ability of dynamic release and storage of calcium ions, the cells were treated by bradykinin and thapsigargin. No differences between the studied and control fibroblasts were found (data not shown).
Discussion
Mitochondrial dysfunction (due to either environmental or genetic factors) is one of the crucial events in several neurodegenerative diseases (Lin & Beal 2006) , as documented by studies in the brain of patients with Alzheimer disease before the onset of significant plaque pathology , in Parkinson disease, Friedreich's ataxia, amyotrophic lateral sclerosis, and temporal lobe epilepsy with Ammon's horn sclerosis (Baron et al. 2007) , in Huntington disease (Oliveira et al. 2007 ) and mucolipidosis type IV (Jennings et al. 2006) . In the present study we focused on structural as well as functional changes of mitochondria in α-mannosidosis, a lysosomal storage disorder.
In the cultivated fibroblasts from three patients with α-mannosidosis caused by homozygous mutation c.2248C>T in MAN2B1 gene for LAMAN (p.R750W), several differences/discrepancies from control cells were observed. Abnormalities in mitochondrial ultrastructure accompanied by dilated ER, decrease of mitochondrial mass were found in studied cell. Surprisingly, a significantly increased activity of complex IV together with unchanged amount of all respiratory chain complexes pointed out to biochemical abnormalities of regulation in respiratory chain complexes in α-mannosidosis fibroblasts. Mitochondrial abnormalities on ultrastructure level were revealed using electron microscopy. Examined fibroblasts contained large fraction of variously changed mitochondria with unusual rare cristae when compared to control. Similarly in hepatocytes derived from a child with α-mannosidosis (Gordon et al. 1980) , mitochondria were abnormal with respect to their size and shape, however, their internal structure was not changed. In contrast to our results on fibroblasts and Gordon et al. (1980) on hepatocytes, two other studies did not report any mitochondrial changes at ultrastructure level in α-mannosidosis patients either on hepatocytes or brain tissue obtained at autopsy (Desnick et al. 1976; Autio et al. 1982) . Unfortunately, mutation types were not described in these patients. Furthermore, an observed decrease of mitochondrial content in α-mannosidosis fibroblasts is consistent with findings of Gordon et al. (1980) on hepatocytes where mitochondrial mass declination was estimated by electron microscopy. The exact reason for ultrastructure abnormalities in examined patients' cells is not clear yet. Nevertheless swelling of mitochondria was previously connected with intramitochondrial calcium ions concentration (Halestrap et al. 1986; Xu et al. 2002; Douglas et al. 2006) .
Consequently, changes in mitochondrial volume seem to affect several processes in the cell. An increase in the mitochondrial matrix volume correlates well with an increase in respiration rates as was already demonstrated by several studies (Halestrap 1987 (Halestrap , 1989 Lim et al. 2002) . It could be in agreement with our observation of increased activities of respiratory chain complexes. Kaasik et al. (2007b) hypothesized that during energetic stress, when the demand for ATP is high and mitochondrial potential decreases, an increase in matrix volume could further activate the respiratory chain. It is interesting to note that matrix volume is increased in ischemic mitochondria as well as following reperfusion (Lim et al. 2002) . In addition, mitochondrial swelling could play a role in triggering of apoptosis via volume-depedent cytochrome c releasing (Gogvadze et al. 2004) . Changes in mitochondrial matrix volume homeostasis could be linked to ROS production, but there is heterogeneity of results (Carroll et al. 2001; Dzeja et al. 2003) . Our study did not prove any significant changes in ROS production in α-mannosidosis fibroblasts compared to control cell lines.
Similar abnormalities involving aberrant mitochondrial ultrastructure accompanied by significant decrease in mitochondrial amount were observed also in vulnerable neurons in Alzheimer disease ). The authors speculated about possible elevated autophagy as a reason for declination of mitochondrial mass.
A markedly dilated ER observed by electron microscopy was found in α-mannosidosis fibroblasts in comparison to controls. The same or even more profound changes of this cellular compartment were mentioned also by Gordon et al. (1980) . In healthy cells, the association between ER and mitochondria is ensured by the presence of tethers that link both smooth and rough ER to the mitochondria (Rizzuto et al. 1998) . ER-mitochondria tethering is necessary for the propagation of IP3 regulator-linked Ca 2+ signals to the mitochondria. It helps to coordinate ATP production with the stimulated state of the cell and to enable the mitochondrial Ca 2+ buffering (Rizzuto et al. 1998 ). Therefore changes in shape and volume of ER might affect its ability to properly communicate with mitochondria. Although we did not confirm the above-mentioned hypothesis neither detected any significant changes in ER calcium metabolisms after bradykinin and thapsigargin treatment, the failure might be located in ERmitochondria connection. Overall aspects of disbalance in calcium homeostasis due to changes in mitochondrial buffering ability and relation between mitochondria and ER (with respect to particular cell type and impacts to cell signalling) were reviewed by Duszynski et al. (2006) . Interestingly, it has been shown recently (Mu et al. 2008) that increasing ER calcium level appears to be a relatively selective strategy to partial restoration of mutant lysosomal enzyme homeostasis in diseases caused by the misfolding and degradation of non-homologous mutant enzymes, as is the case of α-mannosidosis. A possibility of pharmacological influence of ER calcium homeostasis as a new approach for treatment of lysosomal disorders was thus suggested (Mu et al. 2008) .
As indicated previously, the extent of the anchorage of ER to mitochondria influences dynamic redistribution of the mitochondrial ATP production (Brough et al. 2005) . Furthermore, mitochondrial organization in cell is dependent on amount and cellular requirement of ATP (Kaasik et al. 2007a) . A large amount of rounded separated mitochondria without branched structure observed in α-mannosidosis fibroblasts might indicate a requirement of large amount of ATP. In deprivation of ATP, mitochondria become granular, separated from each other and thus increasing their surface areas (Wakabayashi 2002) .
Aberrant mitochondria were connected with large spectrum of clinical features. Ultrastructural mitochondrial abnormalities were previously related not only to mitochondrial disorders based on mutation in mitochondrial DNA (Hayashi et al. 1994; Marusich et al. 1997; Bakker et al. 2000; Brantova et al. 2006; Pronicki et al. 2007) or nuclear DNA (Procaccio et al. 1999 ), but were also found in disorders of ornithine metabolism (Haust & Gordon 1986) or in Alzheimer's disease patients .
The importance of cristae for sustaining of respiratory chain complexes was demonstrated by Gilkerson et al. (2003) . They estimated that around 94% of both respiratory chain complexes III and ATP synthase are located in the cristae membrane and only around 6% of either is in the inner boundary membrane. Another related data showed that the ATP synthase is involved in generating mitochondrial cristae morphology. The absence of any detectable changes in protein amount of respiratory chain complexes in α-mannosidosis fibroblasts might be caused by compensatory effect of intact mitochondria in the cells.
A low mitochondrial mass, found in studied cells, could lead to the decrease of overall cellular ATP production. This decrease can consequently trigger secondary-induced adaptively-compensatory increase of cellular respiration without any changes in protein amount. Nevertheless, activation of mitochondrial respiratory chain enzymes could be associated with mitochondrial swelling as well (Halestrap 1987 (Halestrap , 1989 Lim et al. 2002) . Recently Kaasik et al. (2007a) postulated that organelle transport in neuronal processes is a basis for neuronal functions. Moreover, the size and morphology of the transported cargo is also relevant for seamless axonal transport. They suggested that mitochondrial swelling could be one of the reasons for impaired organelle transport in neuronal processes.
In conclusion, our study of cultured human skin fibroblasts derived from α-mannosidosis patients revealed elevated number of aberrant mitochondria, dilated ER, decreased total mitochondrial content and increased activities of respiratory chain complexes. Together with ultrastructural changes of ER, we hypothesize the possible impact of impaired mitochondrial-ER communication based on calcium signalling pathway on mitochondrial functions. In spite of low number of examined patients due to very rare occurrence of α-mannosidosis mutations in population, we observed obvious changes on mitochondrial level. Based on our results, more profound changes might be expected in tissues with higher energetic demand (e.g. brain). This study furthermore suggests the way for further analysis of various cell types or animal models to clarify the possible relationship between aberrant ER-mitochondrial function and cellular pathology of this deleterious disease.
